Abstract
7
The Coulomb's theory of passive earth pressure for the sloping seabed is environments (Wagner et al. 1989; Det Norske Veritas 2010 Gourvenec 2011). As the oil and gas exploitation moving into deeper waters, ocean 27 current becomes one of the prevailing hydrodynamic loads on submarine pipelines.
28
Besides the usual steady current, a turbidity current fast-moving down a slope 29 can incise and erode continental margins and even cause serious damage to 30 engineering structures. The interaction of internal waves with the seabed is another 31 significant source of near bed currents (Boczar-Karakiewicz et al. 1991) . It is noted 32 that the submarine pipelines are more preferred to be laid directly on the seabed 33 (seldom buried artificially) in deeper waters. Meanwhile, the submarine slopes are 34 always encountered, e.g. at the continental slopes in South China Sea (Liu et al. 2002) . 35 As such, an improved understanding of the mechanism on current-induced instability 36 of unburied pipelines on a sloping seabed would be beneficial to offshore engineering 37 practices.
38
When ocean currents are in perpendicular to the axis of a horizontal pipeline The conventional interfacial frictional theory (i.e. Coulomb friction model) was 53 ever suggested to predict the lateral soil resistance of the pipeline (Lyons 1973) .
54
Previous pipe-soil interaction tests (Wagner et al. 1989; Gao et al. 55 2007 Gao et al. 55 , 2011 showed that the loading history that increased the pipe penetration led to 56 a notable increase of the lateral on-bottom stability. The soil berm ahead of the pipe 57 provides passive resistance, which governs the lateral pipe-soil interaction force 58 (White and Cheuk 2008; Youssef et al. 2013) . Hence, the soil resistance is far more 59 complex than the simple interfacial friction that calculated using the conventional For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
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on-bottom stability can be referenced in Gao et al. (2012) . The existing test data 62 indicated that the lateral resistance was significantly dependent on pipe penetration 63 and soil strength.
64
An empirical pipe-soil model by Wagner et al. (1989) As the rigidity of a submarine pipeline is normally much larger than that of the 132 soils, it would be reasonable to assume the pipeline as a rigid shallow foundation. In 
where F C is the prop force of the seabed to the unburied pipeline, i.e. the net normal 177 load in between the pipeline and the underlying soil.
178
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to the seabed surface, and the sliding-friction segment-DB is parallel to the seabed 238 surface (i.e. perpendicular to the wall-AB).
239
Choosing the wedge-ABD (the shaded areas in Fig. 2(a) and Fig. 3(a) ) as the 240 analysis object, the main forces acting on the wedge-ABD at failure for these two 241 types of instabilities include: (1) The passive earth pressure on the virtual retaining 242 wall-AB, the total force of which, as stated above, is denoted as the thrust force E 1 ); Once the geometry of the proposed model is provided as described above, the 296 total pipe-soil interfacial force (P) can thereby be derived following the analysis on 297 the forces on the wedge-ABD ( Fig. 2 and Fig 3) . By using the "law of sines" to the positive for the clockwise of the P in the case of downslope instability ( Fig. 2(a) ) 306 and for the anti-clockwise of the P in case of upslope instability ( Fig. 3(a) ), 307 respectively. ω is the intersection angle between the direction of MN F to the 308 seabed surface (Fig. 2(b) and Fig 3(b) ), which can be calculated by 
Once the total pipe-soil interfacial force (P) is predicted by eq. (11) 
348
Three components of the critical soil resistance 349 As aforementioned, in the pipe-soil interaction model (Wagner et al. 1989) , the In the following sections, the verification and mechanism analysis will be made 367 on the pipe-soil interaction, in which the force components of the critical soil 368 resistance will be presented in detail.
369

Verification of the Proposed Model
370
The proposed pipe-soil interaction model is verified with the existing results of a 371 series of full scale tests by Wagner et al. (1989) . Table 1 Table 1 lists the results of 10 series of pipe-soil interaction tests on a loose 375 medium/coarse sand, and 5 series of tests on dense medium/coarse sand for the 376 comparison with the predicted values. In the reference (Wagner et al. 1989) , the 377 information on the internal friction angle ( ϕ ) was not provided, but values of the 378 relative density for the test sands were given. As listed in Table 1 , the values of ϕ 379 are evaluated by considering the concept of relative dilatancy index (Bolton 1986 ), Gao et al. 2002; Teh et al. 2003; Gao et al. 2007 ). As previously pointed by 440 Palmer (1996) , the sediment transport of the seabed surface layer can be significant 441 under the extreme conditions in the offshore fields. There exists a non-linear 442 relationship between the non-dimensional critical flow velocity (Shields number) 443 and the particle diameter of the sediments (Chien and Wan, 1999 Table 2 gives the input parameters of the pipeline, the sand and the ocean Table 2 are   460 known, the values of the critical pipeline embedment (e cr ) could be predicted using 461 the proposed model.
462
The predicted results are shown in Figs. 7(a) and 7(b). It is indicated in Fig. 7 Wagner et al. (1989) and predictions with the present model for pipe-soil interactions on flat sand-beds. Note: "LMS" and "DMS" refer to the Loose Medium/coarse Sand (Dr ≈ 0.3) and the Dense Medium/coarse Sand (Dr ≈ 0.7) respectively in the tests by Wagner et al. (1989 
